We report Raman measurements on thin films of strongly disordered GaN and GaN: O prepared by ion-assisted deposition. The incident photon energies used in the experiments ranged from 1.95 to 3.8 eV, spanning the interband edge. Under subgap excitation the signal resembles the crystalline GaN vibrational density-of-modes, with significant broadening as expected for disordered material. There is a strong resonant behavior at the interband edge of the same mode for which a strong resonance is found in crystalline GaN, with a width suggesting that the entire vibrational branch contributes to the signal. Even nanocrystalline material is found to display Raman spectra characteristic of very short-range ͑Ͻ1 n͒ translational symmetry, in agreement with x-ray diffraction evidence for the random stacking nature of the 3 nm diameter crystallites. The presence of oxygen at even 25 at. % has only a subtle effect on Raman spectra at the network vibrational frequencies below 800 cm −1 , but its presence is signaled by the appearance of an oxygen mode at 1000 cm −1 . An N 2 line at 2360 cm −1 correlates with a nitrogen excess introduced during growth.
I. INTRODUCTION
Gallium nitride has been extensively studied over the past decade, work that is encouraged by its success as the material of choice for light emission in the blue-green region of the spectrum. One unexpected characteristic of the material is the insensitivity that it exhibits toward a high density of crystal defects, so that recently there have been observations of possibly useful optoelectronic behavior in polycrystalline material. 1, 2 In fact the tolerance of GaN to structural disorder has been cited as evidence that even its amorphous form ͑a-GaN͒ might have useful optoelectronic properties. 3, 4 These developments, along with the need to understand the damage and annealing behavior of ion implanted GaN, 5 require the exploration of reliable structural characterization tools. Among these Raman spectroscopy is one of the most powerful, particularly for its ability to provide structural information at an in-plane resolution as high as 1 m. There are a number of reports in the literature about the Raman signals in disordered GaN, especially after ion implantation and during subsequent annealing. However, the structural inferences that can be drawn from Raman spectra are not as readily apparent as are, for example, those of ray diffraction ͑XRD͒, and with that in mind we report here an extensive study of the resonant Raman spectra on a variety of well characterized, strongly disordered GaN films prepared by ion-assisted deposition ͑IAD͒.
In the next section the IAD preparation procedure is briefly described, and the results of direct compositional and structural studies are reviewed. In Sec. III we discuss the Raman data and its interpretation in terms of the vibrational and electronic properties of the material. It will be seen that there is information about the intermediate-range order that can be inferred from the data. Finally, in Sec. IV we summarize our conclusions.
II. EXPERIMENTAL DETAILS

A. Film preparation and characterization
The IAD films used in this work were prepared by exposing the substrates to a stream of Ga from a thermal source ͑either resistively-or electron-beam-heated͒ while simultaneously bathing it in energetic nitrogen ions from a Kaufmann source. [6] [7] [8] [9] They were grown to a thickness of typically 100-200 nm on Si, quartz, and glassy carbon substrates, and their compositions were determined by Rutherford backscattering spectroscopy ͑RBS͒ and nuclear reaction analysis. 10 Stoichiometry is achieved only at high ion dose and energy, with 300-600 eV ions at a flux typically a few times that of the Ga atoms; lower ion energy or flux results in Ga-rich films. Films prepared with base pressures of less than 10 −8 mb lead to near-stoichiometric material, with some excess N in the form of molecules. 11 Films have also been prepared with hydrogen by introducing mixed H 2 and N 2 gas into the ionization source, while up to 25 at. % oxygen and 7 at. % hydrogen is found in films prepared in the presence of water vapor at a pressure of a few times 10 −6 mb. Ga-edge extended ray absorption fine structure ͑EXAFS͒ data show that the Ga ions are nearly all fourfold coordinated, bonded to four N ions ͑a low density of which could be O͒ at the same distance as found in fully crystalline GaN ͑x-GaN͒. 7, 9 The second nearest neighbors appear in EXAFS only very much attenuated in comparison with x -GaN, in common with other tetrahedrally bonded amorphous III-V compounds or group IV elements. 12, 13 The spec- tra can be fitted by 12 Ga second nearest neighbors, though disorder in the tetrahedral angles gives the second-neighbor distances a range which greatly reduces the second-neighbor feature. Thus our films are predominantly heteropolar bonded with a local tetrahedral configuration, and with defects consisting of O substituting for N and some level of molecular N 2 . 1 In the following we refer to the films with 2% or less oxygen, and with up to 10% excess nitrogen residing in molecular form, as stoichiometric.
XRD and electron diffraction show amorphous patterns if 15 at. % or more oxygen is incorporated in the films, otherwise the films are nanocrystalline.
14 Even in the nanocrystalline material ͑nx-GaN͒ the widths of the XRD features are consistent with only very short-range order, extending to about 3 nm. Note that this XRD pattern relates almost entirely to the Ga-Ga radial distribution function and is determined largely by Ga layer spacing, so that this 3 nm range is the distance over which Ga planes show consistent spacing. It is thus not clear from these XRD results that the order corresponds to wurtzite or zinc blende structures, and in view of the limited energetic difference between the two forms of GaN, it is likely that the films have regions of randomly stacked planes of GaN tetrahedra. XRD patterns of the nanocrystalline films are well represented by a model of random stacked quasicrystallites.
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B. Raman spectroscopy
Raman spectroscopy was performed on a Jobin-Yvon LabRam HR spectrometer fitted with 2400 ͑UV-blue͒ and 600 ͑red͒ line per mm gratings. Excitation sources were a HeCd laser ͑325 nm͒, an Ar ion laser ͑458 and 514 nm͒, and a HeNe laser ͑633 nm͒. The spectra were taken at ambient temperature through a microscope, with a focus spot of 1-2 m exposed to 1 -5 mW. Care was taken to ensure that sample heating did not lead to any annealing development in the films, which has an onset of about 300°C, 7, 15 and the uniformity of Raman spectra across each film was carefully checked. All of the data we report here are from samples deposited on Si substrates, but the signals from samples deposited on other substrates were essentially identical.
Most of the films were transparent to visible light, so that the substrate signal appears in the raw spectra for all but 325 nm excitation. In particular the first order Si line at 521 cm −1 was stronger than the sample signal by typically two orders of magnitude; it often saturated the charge coupled device. That strong line could seldom be completely removed by subtraction, so there is often a gap at that frequency in the data displayed later. Furthermore, the GaN Raman spectra in even the thickest films were comparable in magnitude to the second-order Si signal from the substrate, which has in the past been mistaken for an a-GaN spectrum. 16 In the present work we have subtracted the second order substrate signal.
An interpretation of resonance Raman on the films is aided by knowledge of their optical conductivity, which we have determined from reflectance-transmittance measurements using films on quartz substrates.
III. RESULTS
We display first in Fig. 1 the Raman spectra of two films with differing Ga/ N ratios, compared with the vibrational density of modes calculated for wurtzite GaN. 17 There are two bands in the data, one above 400 cm −1 corresponding to the optic branches in x-GaN, and another below that frequency aligned with the acoustic band. The stoichiometric film shows weak structure in both bands, in good agreement with the main peaks in the GaN density of modes. The absence of narrow zone-center modes, or even the singularities in the computed density of modes, and their replacement with very much broadened features is in agreement with the lack of bonding order beyond a few nanometers. It is the long-range wave-like nature of the crystalline excitations that ultimately introduces the singularities, in association with stationary points in the phonon dispersion. It is interesting that the Ga-rich film shows broad vibrational excitations across the same bands as stoichiometric GaN, but without any structure within the two bands, and especially the lower frequency optic-band feature centered on about 550 cm −1 is lost. Furthermore, the Ga-rich film shows no evidence of the Si substrate spectrum, for this film is opaque owing to Ga-related midgap states. The transparent stoichiometric film has had the Si spectrum subtracted as mentioned earlier, though the subtraction is incomplete near the 521 cm −1 Si line.
A. Resonant Raman signatures of disorder
The dependence on excitation energy is shown for nanocrystalline GaN in Fig. 2 . These spectra have been normalized by the integrated Si signal from a polished substrate, using the same collection geometry as for the films, and then corrected for the excitation frequency dependence of the Si signal. 18 A further optical skin depth correction was required for green, blue, and UV excitations, based on the optical constants determined from reflection-transmission measurements; see Fig. 3 . This skin depth correction was less than 50% except at 325 nm, where it was a factor of between 4
and 10. No corrections were made for the effect of multiple reflections or interference in the film, and that and uncertain geometric factors add to an uncertainty of about 50% in the comparability of the relative Raman cross sections. Nonetheless there are clear resonant enhancements seen in the data, for example in the increasing prominence of the features labeled "A " ͑730 cm −1 ͒ and "B " ͑566 cm −1 ͒, as the energy of the excitation photon rises. These two features, which have been reported previously in nanocrsytalline GaN, 19 span the frequencies at which there are clearly assigned zone-center modes in both wurtzite and cubic GaN. 20, 21 The 730 cm −1 line rises to completely dominate the spectrum at 325 nm ͑3.8 eV͒, exactly as is seen for the corresponding mode in GaN. [22] [23] [24] Furthermore, this more strongly resonant feature can be followed easily to second and third order. There are shoulders on these higher order features as well, corresponding to combination modes A + B and 2A + B, but no features at overtones of B alone. The two resonant features are broad compared with their crystalline counterparts; as stated earlier they span lines appearing in cubic GaN and multiple peaks in wurtzite GaN. Such broad lines are characteristic of severely disordered materials, and we now demonstrate the use of the width of the 730 cm −1 line to estimate the range over which crystalline-like bonding order persists.
A broadening of Raman active lines in nanocrystalline materials results from the loss of well-defined phonon wave vectors. 25, 26 The termination of crystalline order at the diameter D leads to a range of effective wave vectors of order / D associated with each phonon, so that phonons within / D of the gamma point show some weight at the zone center, partially relaxing the wave vector selection rule. The observed Raman lines then broaden as dictated by the frequencies of these off-center phonons. The crystalline GaN optic branches that terminate near 730 cm −1 can be seen in normal-mode calculations to extend to a full-branch width of about 50 cm −1 . 17 The full width at half maximum of the line in most of our spectra is in the range of 45-55 cm −1 , with the exception discussed later. Thus the entire branch has become Raman active, as for the other branches, but unlike the others this branch shows strong resonance at 325 nm. The result implies that the vibrational modes associated with the feature have very broad wave vector distributions, extending throughout the entire Brillouin zone, and in turn that full crystalline order extends to no more than a few lattice parameters. The apparent disagreement between the range of 3 nm found in XRD studies and the range of less than 1 nm from Raman spectroscopy is easily understood as arising from the random-stacked nature of the nanocrystals in the films, which introduce disorder at a scale much smaller than the quasicrystal dimensions.
It is important to note the relationship between the resonant enhancement of the 730 cm −1 line and the interband absorption edge in the films. The optical conductivity of the film corresponding to Fig. 2 is shown in Fig. 3 . It can be seen that there is an increased absorption at much the same energy ͑3.4 eV͒ as in the crystalline material, 27, 28 though the edge is broadened by at least 100 meV, and there is substantial subband gap absorption. A simple deformation-potential resonant contribution to Raman scattering might be expected to vary as ‫ץ͉‬ / ‫ץ‬ ͉ 2 where ‫ץ‬ and ‫ץ‬ are the material's susceptibility and photon energy, respectively. 29 In these films the real part of the conductivity carries the strongest energy dependence, and the square of its derivative is shown in the insert of Fig. 3 . It can be seen that the 730 cm −1 vibrational band in nx-GaN is especially resonant at the interband edge, exactly as is its corresponding zone-center phonon in x -GaN. 27, 28 The excitation at 325 nm ͑3.8 eV͒ lies above the energy of strongest expected resonance; a slightly lower energy of 3.5 eV ͑353 nm͒ would be in full resonance. Figure 4 compares UV-excited Raman data for four films, all with close to 1 : 1 Ga: N ratios but with varying concentrations of oxygen and hydrogen. The two films with little oxygen have very similar spectra, and both are well represented by the data of Fig. 2 . In contrast the film with the most oxygen shows a stronger and broader signal. The enhanced strength results from this film being more closely on resonance, for it displays both an increased band gap and a sharper absorption edge than the oxygen-free films. However, it is also noticed that the narrow 730 cm −1 line is not prominent in this spectrum, so that the spectrum resembles the broad density-of-modes pattern found in nonresonant visible-light excitation ͑Fig. 1͒. The film with intermediate oxygen concentration, in contrast, shows elements of both the density-of-modes pattern and the resonant signal of the oxygen-free films. XRD on this film also reveals a nanocrystalline-amorphous mixture. 14 In addition to its influence on the Raman spectrum of the predominantly GaN network, the presence of oxygen is signaled by a very broad oxygen vibration centered on 1000 cm −1 . We are as yet unable to associate the feature with any specific bonding configuration, and its width suggests that it arises from oxygen ions bonded into a variety of positions. Its strength can be seen to scale approximately as the oxygen concentration, though resonance effects are also likely to affect the Raman scattering from the oxygen vibrational modes.
B. Nanocrystalline-to-amorphous films
The rather narrow line at about 2360 cm −1 seen in all of the UV spectra of Fig. 4 and to expanded scale in Fig. 5 corresponds to the stretching mode in molecular nitrogen, and confirms nitrogen-edge x-ray absorption evidence for the presence of molecular nitrogen in the films. 11 Some of the raw spectra on these films show small residual narrow N 2 and O 2 peaks arising from the air above the film, but their strength has been limited by exploiting the confocal nature of the Raman microscope. The atmospheric O 2 line at 1556 cm −1 was also monitored to track and correct for the atmospheric N 2 signal. Thus the strength of the remaining N 2 signal provides a measure of the two-dimensional density of molecular nitrogen within the Raman probed depth. The strongest integrated N 2 line in Figs. 4 and 5 is in a film with 10% excess nitrogen, followed closely by the most heavily oxygenated film. We have earlier noted that much of the oxygen appears to substitute for nitrogen, releasing molecular nitrogen in the process. 11 The width of the buried N 2 signal, at 30 cm −1 only about 1% of the central frequency, is nonetheless much larger than the free air mode, suggesting a weak interaction between the buried molecular nitrogen and the GaN host.
Finally, Fig. 6 shows an expanded view of a hydrogen line at 3260 cm −1 . The frequency suggests either N -H 30 or O-H 31 bond-stretching vibrations. However, the mode appears here only in films containing O as well as H; it is not found in the GaN film containing solely H. It is clearly an OH line, and thus there is no evidence of N -H bonds in these data.
IV. CONCLUSIONS
The Raman spectra of strongly disordered GaN have been measured with excitation energies across the visiblenear UV spectral region. The films were prepared by ionassisted deposition, both as stoichiometric GaN and with up to 25 at. % oxygen. Oxygen-free films consist of randomstacked GaN nanocrystals and display Raman spectra as would be expected for noncrystalline material, resembling the density of vibrational modes of x-GaN. There is clear evidence of an UV resonance in one vibrational branch, the   FIG. 4 . UV-excited Raman spectroscopy of four GaN films with N : Ga ratios in the range of 1.0-1.2. From the top the films have ͑O;H͒ concentrations in atomic percent of ͑23;7͒, ͑12;3͒, ͑1;3͒, and ͑1;0͒. The top, heavily oxygenated, film was amorphous, the second was mixed amorphpous/ nanocrystalline, and the lowest two were nanocrystalline. The lowest spectrum was on a film that was 10% nitrogen rich ͑N:Ga of 1.2͒, a situation that is signaled by the strongest molecular nitrogen feature. 
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same branch for which the zone-center vibration is strongly resonant in fully crystalline GaN, and the width of the feature in our spectra is in agreement with the width of the entire phonon branch in wurtzite GaN. The full body of data indicate that the films are formed of a very strongly disordered but heteropolar bonded covalent network, but with crystalline order extending over no more than a few lattice constants, rather smaller that the 3 nm crystallite diameters determined by XRD patterns. The apparent disagreement is resolved by noting that the zone-center selection rule operating in Raman scattering is sensitive to the loss of translational symmetry associated with random stacking, while in contrast the widths of XRD features depend primarily on a coherent separation of Ga planes and are thus largely unaffected by random stacking.
The introduction of oxygen at 15-25 at. % leads to the growth of amorphous films, but apart from a reduction of structure within the optic branch the Raman spectra are very similar to the density-of-mode patterns in nanocrystalline films. Thus the vibrational spectra of these films are also characteristic of a predominance of tetrahedral bonded Ga and N ions, a conclusion that follows also from previously published EXAFS data. It is not easy to detect the presence of oxygen by examining the network vibrational spectrum alone, but we find a clear oxygen-related feature centered on 1000 cm −1 . The IAD method employed for oxygen-bearing film growth has led also to the incorporation of hydrogen, and the films then show an OH vibration at 3260 cm −1 . No hydrogen line has been observed in oxygen-free films containing hydrogen. Finally, there is evidence of molecular nitrogen in essentially all of our films, at a level consistent with the typically 5 % -10% excess nitrogen detected by RBS.
